The CHAP domain of Cse functions as an endopeptidase that acts at 1 mature septa to promote Streptococcus thermophilus cell separation. Page 1 of 40 Molecular Microbiology 35 S. thermophilus. Additionally, RP-HPLC analysis of muropeptides released from B. subtilis and 36 S. thermophilus cell wall after digestion with the CHAP domain shows that Cse is an 37 endopeptidase. Altogether, these results suggest that Cse is a cell wall hydrolase involved in 38 daughter cell separation of S. thermophilus.
Cell separation can be defined as the mechanism needed to disconnect the two new 41 daughter sacculi after the cell division is completed (or at the very late step of cell division). This is 42 still a poorly understood process that requires the involvement of cell wall hydrolases. separating hydrolases were mostly identified by phenotypic analysis, their absence resulting in the 44 formation of chains of unseparated cells (Borges et al., 2005; Buist et al., 1995; Fukushima et al., 45 2006; Garcia et al., 1999; Heidrich et al., 2001; Margot et al., 1998; Margot et al., 1999; Yoshimura 46 et al., 2006) or in a highly aggregated phenotype (Kajimura et al., 2005) . In Streptococcus 47 thermophilus, the deletion of cse led to a dramatic increase of the chain length indicating that Cse is 48 the key S. thermophilus cell-separating enzyme (Borges et al., 2005) . 49 The Cse protein consists of four regions: a signal peptide and a LysM domain at its N-50 terminus, a catalytic domain at its C-terminus, both domains being separated by a central variable 51 region (Borges et al., 2005; Borges et al., 2006) . The LysM motif functions as a general 52 peptidoglycan binding module (Eckert et al., 2006; Steen et al., 2005a ) that may play important 53 roles in appropriate localization and/or recognition of substrates (Fukushima et al., 2006; Kajimura 54 et al., 2005; Steen et al., 2005a; Yamamoto et al., 2003) . 55 The C-terminal catalytic domain of Cse carries a Cysteine, Histidine-dependent 56 Amidohydrolases/Peptidases (CHAP) domain conferring to the protein a potential catalytic activity 57 (Borges et al., 2005; Layec et al., 2008a) . Point mutation of the conserved Cys and His residues or 58 total deletion of this domain reveals that it retains cell wall hydrolase activity (Donovan et al., 2006; 59 Navarre et al., 1999; Nelson et al., 2006; Pritchard et al., 2004; Yokoi et al., 2005) . 60 Among the Firmicutes, few bacterial and phage-encoded CHAP proteins have been 61 characterized and participate either in cell division (Chia et al., 2001; Mattos-Graner et al., 2006; 62 Ng et al., 2004; Reinscheid et al., 2001) daughter cell separation (Borges et al., 2005; Kajimura et 63 al., 2005) or in cell lysis (Donovan et al., 2006; Huard et al., 2003; Navarre et al., 1999; Pritchard 64 et al., 2004; Yokoi et al., 2005) . By analogy with other cell-separating enzymes and taking into account the involvement of 67 Cse in cell disconnection, we postulate that Cse is a cell wall hydrolase probably acting at cell 68 separation sites. However, there has been no direct evidence concerning either the Cse catalytic 69 activity or its localization at the Streptococcus thermophilus cell surface. In this study, we provide 70 genetic and biological evidence that Cse separates daughter cells by cleaving the bond between D- 71 Ala of the stem peptide and L-Ala of the cross-bridge in S. thermophilus peptidoglycan at mature 72 septa. The LysM and CHAP domains are essential for Cse cell separating activity. 77 To get more insight into the biological role of the LysM and CHAP domains of the Cse 78 protein, in frame deletion mutants were constructed resulting in the cse∆LysM and cse∆CHAP 79 mutant strains (Fig. 1A) . Semi-quantitative RT-PCR was used to quantify the level of expression of 80 cse alleles in the wild-type and the mutant strains. The level of expression of gyrA was included an 81 internal housekeeping control to ensure that equivalent amounts of RNA were used for the analysis. As shown in Fig. 1B , there is no significant difference between the levels of expression of 83 the different alleles. 84 Visual inspection of overnight standing HJL cultures revealed that turbidity in the cultured 85 medium was only observed for the CNRZ368 control strain whereas the cells of the ∆cse, 86 cse∆LysM and cse∆CHAP mutants all flocculate at the bottom of the tube ( Fig. 2A) . To determine 87 if the sedimentation properties of these mutants correlate with an increase of their chain length, 88 aliquots of each culture were observed under light microscopy followed by the counting of the 89 number of cells per chain. As observed in Fig. 2B , chains of the wild-type strain were rather small 90 since 70% of them were constituted by less than 40 cells. By contrast, chains of the 3 cse deletion 91 mutants were mostly composed of more than 201 cells. Complementation experiments were 92 performed by transformation of the cse∆LysM and cse∆CHAP mutants with pNST260 + ::cse, a 93 vector containing an intact copy of cse that we developed previously (Borges et al., 2005) . 94 Complemented strains exhibited a wild-type phenotype with respect to the number of cells per chain 95 and to the sedimentation property while the negative control maintained a mutant phenotype (data 96 not shown). Thus, deletion of the LysM or the CHAP domain of the cse gene had a clear effect on 97 the chain length indicating that both domains were required for Cse efficient cell separation activity. Cse is involved in late stage of cell division.
102
Transmission electron microscopy of both the wild-type and the ∆cse mutant revealed that 103 they formed linear chains that appeared like linear necklaces of diplococcal cells (Fig. 3 ). As 104 observed for S. pneumoniae (Morlot et al., 2003) , progression of the S. thermophilus septum 105 synthesis is materialized by three kinds of septa ( Within the mutant, the chains of cells consist of a regular succession of diplococcus, a phenotype 113 that corresponds to fully divided cells. A more irregular phenotype is observed in the wild-type 114 suggesting that the processes of cell division and of disconnection of daughter cells could interfere. 115 Since deletion of cse led to a dramatic reduction of daughter cell separation and because 116 the material linking daughter cells was expected to be peptidoglycan, we postulate that Cse acts as a 117 late cell wall hydrolase that is able to bind S. thermophilus cell surface and separate divided cells.
119
Localization of Cse and its derivatives at S thermophilus cell surface.
120
In a previous study, we demonstrate that Cse is an extracellular protein whose export is 121 signal peptide dependent (Borges et al., 2005) Fig. 4A and B ). However, because of the darkness of the cells, we could not determine if labelled 129 particles were present elsewhere. We used next immunofluorescence microscopy on the wild-type 130 strain, and confirmed that Cse binding was highly localized at mature septa with no or little Cse 131 protein at nascent septa ( Fig. 5A2 and E2 ). Staining of the wild-type S. thermophilus cells with 132 calcofluor fluorescent dye (Fig. 5, E4 ) which stains cell walls blue confirmed the specific binding of 133 Cse to the peptidoglycan of the mature septa. No fluorescence was detected on the cse∆lysM mutant 134 ( Fig. 5C ) or on the wild-type strain stained with preimmue serum (Fig. 5B ) used as negative 135 controls. Fluorescence analysis of the cse∆Var and cse∆CHAP mutants ( Fig. S1C and Fig. 5D ) 136 showed that the Cse derivatives were capable of recognizing the same targets but surprisingly the 137 patterns of fluorescence was more diffuse than that of the wild-type strain.
139
Cse is an endopeptidase.
140
(i) The CHAP domain of Cse confers the cell wall hydrolytic activity.
141
In a previous study, we tried to overexpress the full length Cse protein but our attempts 142 failed. This time, only the CHAP domain of Cse (from position in aa 341 to 461) was expressed in 143 E. coli. To facilitate the purification of the CHAP protein, a hexa-histidine tag was introduced at its 144 N-terminus. On SDS-PAGE, the purified CHAP-His 6 -tagged protein gave a band of about 15 kDa 145 estimated to be more than 96% pure ( Fig. S2 ). This band corresponded to the cell-wall hydrolyzing 146 band observed on zymogram and was also revealed by Western immunoblot analysis using an anti-147 His tag monoclonal antibody ( Fig. S2 ). Zymograms were done using as substrates cells from In the literature, the CHAP domain of several phage-encoded lytic proteins displays an 158 endopeptidase activity (Baker et al., 2006; Donovan et al., 2006; Navarre et al., 1999; Nelson et al., 159 2006; Pritchard et al., 2004; Yokoi et al., 2005) , but this domain is also reported to function as N-160 acetylmuramoyl-L-alanine amidase (Kajimura et al., 2005; Llull et al., 2006) . To determine the 161 hydrolytic specificity of Cse, the purified CHAP-His 6 -tagged protein was used to digest purified 162 peptidoglycan of B. subtilis whose structure was established previously (Atrih et al., 1999) . After 163 incubation, the digestion mixture was centrifuged and both soluble and insoluble materials were (iii) Determination of CHAP hydrolytic bond specificity on S. thermophilus peptidoglycan. 183 We then characterized further the hydrolytic bond specificity of Cse CHAP-domain on 184 muropeptides derived from S. thermophilus peptidoglycan by mutanolysin digestion. Peptidoglycan 185 was digested by mutanolysin and the resulting digestion products were separated by RP-HPLC. 186 Three muropeptides characterized by MALDI-TOF mass spectrometry (Table 1, peaks 8, 9, 10 and 187 Fig. S3 ) and purified by RP-HPLC ( Fig. S4) were digested with the CHAP-His 6 -tagged protein to 188 determine its cleavage site on S. thermophilus peptidoglycan. The resulting digestion products were 189 analyzed by RP-HPLC. In Fig. 6B , the peaks with the highest retention times [peak 8 in (a) ; peak 9 190 in (b) and peak 10 in (c)] correspond to the intact muropeptides indicating partial digestion. 191 However, the others peaks [peak 6 in (a); peaks 6 and 7 in (b) and peaks 6 to 9 in (c)] are consistent 192 with being the CHAP-His 6 -tagged protein digestion products. According to the retention times of 193 each peak and their masses determined by MALDI-TOF MS (Table 1) (Chia et al., 2001; Mattos-Graner et al., 2006; Ng et al., 2004; Reinscheid et al., 2001) , Sle1 from 204 Staphylococcus aureus (Kajimura et al., 2005) and Cse from S. thermophilus that are necessary for 205 daughter cell separation (Borges et al., 2005) . AcmB from Lactococcus lactis contributes to cellular 206 autolysis (Huard et al., 2003) . Six other phage-encoded CHAP proteins are involved in bacterial 207 cell lysis (Donovan et al., 2006; Llull et al., 2006; Navarre et al., 1999; Nelson et al., 2006; 208 Pritchard et al., 2004; Rashel et al., 2008; Yokoi et al., 2005) . Besides the variety of their roles, 209 these proteins differ by the cleavage specificity of their CHAP domains that present either an 210 endopeptidase or an N-acetylmuramoyl-L-alanine amidase activity. 211 The CHAP domains of the φ11, φ12, B30, LysWMY and Cse proteins (Donovan et al., 212 2006; Navarre et al., 1999; Pritchard et al., 2004; Sass and Bierbaum, 2007; Yokoi et al., 2005) and 213 potentially that of AcmB have an endopeptidase activity (Huard et al., 2003) . Alternatively, the 214 CHAP domain of the Sle1 and Skl proteins were demonstrated to function as N-acetylmuramoyl-L-215 alanine amidase (Kajimura et al., 2005; Llull et al., 2006) . This indicates that there is no correlation 216 between the cleavage specificity of the CHAP proteins and their biological functions. 217 In a previous study, the C-terminal end of Cse, including the CHAP domain, was 218 demonstrated to be homologous with that of PcsB/GbpB (Borges et al., 2005) . Many attempts were 219 done to demonstrate the potential cell wall hydrolytic activity of these enzymes, but all failed 220 (Borges et al., 2005 ; Ng et al., 2004; Reinscheid et al., 2001) The process of daughter cell separation can be view as an active process that takes place at 227 the end or after the completion of the cell division process. Indeed, cells lacking cell-separating 228 enzymes are inhibited only in cell separation and are not inhibited in cell division, with normal 229 septa still being formed (Ohnishi et al., 1999) . The cell separation process requires dedicate cell 230 wall hydrolases that cleave the sacculi connecting daughter cells. In their vast majority, cell-231 separating enzymes are composed of a unique CHAP, NLPC/P60 or Glucosaminidase (more rarely 232 Glyco_hydro_25) catalytic domain (Layec et al., 2008b) . The catalytic domain diversity is 233 correlated with the diversity of the peptidoglycan linkage that they cleave. For instance, AcmA 234 from L. lactis (Buist et al., 1995; Steen et al., 2005a) (Fukushima et al., 2006; Margot et al., 1998; 241 Margot et al., 1999) . Collectively, all these data clearly show that evolution has selected several 242 alternative enzymes exhibiting distinct catalytic activity to perform the daugther cell separation 243 process. 244 All the cell-separating enzymes described so far are cell surface proteins and Cse does not 245 escape this rule. Cse is thought to bind peptidoglycan via its LysM domain. The LysM domain is 246 one of the most common attachment modules in bacterial cell-separating enzymes. Thus, AcmA 247 from L. lactis, AltA from E. faecalis, Sle1 from S. aureus, LytE, LytF and CwlS from Bacillus 248 contain 2 to 6 tandem repeats of the LysM motif (Eckert et al., 2006; Fukushima et al., 2006; 249 Ishikawa et al., 1998; Kajimura et al., 2005; Margot et al., 1998; Margot et al., 1999; Ohnishi et al., 250 1999; Steen et al., 2003) . In addition to its role in cell wall-binding, LysM is important for 251 biological functioning (Buist et al., 2008) . The chaining phenotype of the cse∆lysM mutant 252 The location of only a few cell-separating enzymes has been studied so far but reveals that all of 255 them are positioned only at cell separation sites (Fukushima et al., 2006; Kajimura et al., 2005; 256 Steen et al., 2003) and questions about the reasons leading to such exclusive location. 257 In the case of Cse, one explanation is to consider that the restricted binding of the enzyme would be 258 ensured by its LysM domain. Another possibility is to consider that a specific mechanism targets Bacterial strains and plasmids used in this study are listed in Table S1 . S. thermophilus CNRZ368 281 and its derivatives were cultivated in milk medium, M17 (Terzaghi and Sandine, 1975) or HJL 282 (Stingele and Mollet, 1996) . Milk medium was used for strain storage, M17 for mutant generation, 283 and Hogg Jago Lactose (HJL) for phenotypic analysis. When required, erythromycin (final 284 concentration 2 µg.ml -1 ) was added. S. thermophilus strains containing pGh9 (Maguin et al., 1992) 285 or pNST260 + derivatives were cultivated at 30°C when plasmid self-maintenance was required and Plasmids and primers used in this study are listed in Table S1 and Table S2 for 3 min to stop the reaction and then centrifuged at 14,000 g for 15 min. The insoluble material as 423 well as half of the soluble fraction, both recovered after incubation with CHAP-His 6 -tagged protein, 424 were further treated with mutanolysin (2,500 U.ml -1 ) overnight at 37°C. A control digest of 425 B. subtilis peptidoglycan was obtained by mutanolysin digestion as described (Courtin et al., 2006) . 426 The soluble muropeptides obtained after the digestions were reduced with sodium borohydride and 427 separated by reverse phase HPLC using a Hypersil ODS column (C18, 250 x 4.6 mm; 5 µm; 428 ThermoHypersil-Keystone) at 50°C using ammonium phosphate buffer and a methanol linear 429 gradient as described previously (Atrih et al., 1999; Courtin et al., 2006) . Peaks were analysed 430 without desalting by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass 431 spectrometry with a Voyager DE STR mass spectrometer (Applied Biosystems) as described 432 previously (Courtin et al., 2006) . 433 S. thermophilus peptidoglycan was digested with mutanolysin overnight at 37°C and the 434 resulting soluble muropeptides were reduced and separated by RP-HPLC as described previously 435 (Hebert et al., 2007) . Three muropeptides were collected, dried in a Speed-vac concentrator under 436 vacuum. The purified muropeptides were incubated with 50 µg of purified CHAP-His 6 -tagged protein in a total volume of 200 µl in the conditions described above for B. subtilis peptidoglycan. 438 The reaction products were then analyzed by RP-HPLC and MALDI-TOF mass spectrometry as 439 described above. Table S2 , yielding a product of 611 110 bp in size. The internal housekeeping gene gyrA served as a reference point to detect relative 612 difference in the integrity of individual RNA samples and was amplified using the gyrA5' and 613 gyrA3' primers (Table S2) 
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The ∆cse mutant chaining phenotype is shown in panels A to C, that of the wild-type in D to F. Numbers peaks on the chromatograms presented in Fig. 6 DS-Tetra (NH 2 ) -Ala Ala -DS Tetra (NH 2 )-Ala Ala DS-Penta (NH 2 ) -Ala Ala -DS Tetra (NH 2 ) -Ala Ala DS-Penta (NH 2 ) -Ala Ala -DS Tetra (NH 2 ) -Ala Ala -DS Tetra (NH 2 ) -Ala Ala (Var) and the catalytic CHAP module of S. thermophilus CNRZ368 cse gene. Arrows and hairpin loops symbolize putative promoters and putative rho-independent transcriptional terminators, respectively. B. Semi-quantitative RT-PCR assays were carried out to compare the level of expression of the different cse alleles (cse, ∆cse, cse∆lysM, cse∆var and cse∆chap). Semiquantitative RT-PCR reactions were performed with cse locus specific primers (surlysM5' and Del_lysMI5') referred in Table S2 , yielding a product of 110 bp in size. The internal housekeeping gene gyrA served as a reference point to detect relative difference in the integrity of individual RNA samples and was amplified using the gyrA5' and gyrA3' primers (Table S2) , which yielded a product of 140 bp in size. As a negative control, all DNAse RNA samples were subjected to PCR prior to RT analysis [-RT (gyrA) ]. T(-), also corresponds to a negative control, using water as a PCR matrix. As positive control [T(+)], DNA samples extracted from the culture of each strains were subjected to PCR. For semi-quantitative analysis, the density ratios of the cse mutant allele versus the cse wildtype were calculated and used as an indication for the relative expression (cse =100% deltacse = 0%; csedeltalysM = 99.3+/-2.9%; csedeltavar = 94.7+/-6.2% and csedeltachap = 97.2+/-8.2%). Table 1 . The CHAP domain activity is visible as a clear hydrolysis band observed on a renaturing SDS-PAGE with 8 µg of CHAP-His6-tagged protein in gel containing 0.08% [wt/vol] B. subtilis HR168 or S. thermophilus CNRZ368deltacse cell-wall as substrate. The percentage of monomers corresponds to the sum of the area of the peaks corresponding to monomers over the sum of the areas of all peaks. The same was done for dimers and trimers. The percentage of each peak was calculated as the ratio of the peak area over the sum of areas of all the peaks identified by RP-HPLC. Schematic structure of S. thermophilus cell-wall is illustrated. Arrow indicates the cleavage site of the CHAP-His6-tagged protein. GlcNAc, N-acetylglucosamine; MurNAc, N-acetylmuramic acid. 246x178mm (96 x 96 DPI)
